Abstract. The present study aimed to investigate the therapeutic effect of the Shu-Yu capsule (SYC), a Traditional Chinese Medicine formulation, on premenstrual syndrome (PMS) depression and the ratio of glutamate (Glu) to γ-aminobutyric acid (GABA) in a rat model of PMS depression. Rats were randomly divided into a control group, model group, fluoxetine group, SYC group and saikosaponins (SS) group. The therapeutic effect of SYC was evaluated using a sucrose preference test (SPT), open field test (OFT) and body mass following four days of treatment. Hippocampal extracellular fluid was collected by microdialysis and the levels of Glu and GABA in the microdialysate were measured by high performance liquid chromatography. The results revealed that, compared with the control group, the sucrose preference coefficient (SC%), total score of OFT and body mass of the model group were significantly lower (P<0.01, P<0.05 and P<0.01, respectively). However, the sucrose preference coefficient, total score of OFT and body mass of the SYC group were all significantly increased compared with the model group (P<0.05). Furthermore, SYC inhibited the decrease of the Glu/GABA ratio in the hippocampus of rats with PMS depression. It was concluded that SYC effectively improved the symptoms of PMS depression, possibly by inhibiting the dysregulation of the Glu/GABA balance in the central nervous system.
Introduction
Premenstrual syndrome (PMS) is a poorly understood disorder characterized by the cyclical occurrence of behavioral, psychiatric and physical symptoms during the premenstrual phase or late luteal phase of the menstrual cycle. In a number of cases, females with PMS suffer from irritability, tension and depression so severe that their personal and professional lives are frequently affected (1) . Symptom relief is the goal for the treatment of PMS and it is generally acknowledged that serotonergic antidepressants, including citalopram, escitalopram, fluoxetine, sertraline and venlafaxine, are the first-line pharmacological therapies (2) (3) (4) . However, these treatments are limited by their cost and the severe side effects associated with long-term medication regimens (5) (6) (7) . Therefore, studies to develop novel pharmacological agents with improved therapeutic effects and fewer side effects are highly important.
Shu-Yu capsule (SYC), a novel Chinese materia medica preparation, has been developed by our research team based on years of experience in the treatment of PMS and depression. SYC is composed of active ingredients extracted from four Chinese herbs, namely bupleurum chinense, white paeony root, radix glycyrrhizae and rhizoma cyperi. The notable efficacy of SYC in the treatment of PMS and improvement of depressive symptoms has been confirmed in clinical trials. However, the underlying mechanisms of these effects remain to be elucidated. In our previous studies, the effects of SYC were studied in rats with depression (8, 9) . However, the survival environment of living brain cells was not observed, and dynamic changes of brain neurotransmitters in real time were not monitored in these studies. To overcome these limitations, a combination of microdialysis and high performance liquid chromatography (HPLC) analysis was adopted in the present study. These methods allowed the dynamic analysis of glutamate (Glu) and γ-aminobutyric acid (GABA) levels in the hippocampus of rats with PMS depression exposed to SYC.
Although the underlying pathophysiological changes have yet to be delineated, numerous hypotheses on the recurrence
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attenuates premenstrual syndrome depression induced by chronic stress constraint of PMS depression have been proposed (10, 11) . The two most intensively studied and relevant neurotransmitter systems implicated in the genesis of PMS symptoms are the GABAergic and serotonergic systems (12) . It has been confirmed that there is a subtle excitation/inhibition balance in the neural network. Neurotransmitter systems maintain a steady-state balance by fine-tuning of the neurosecretory network. Disruptions to this steady-state equilibrium defines the aetiology of numerous neurological disorders, including anxiety, depression and biphasic affective disorders (13) (14) (15) . Glu and GABA are the main excitatory (EAA) and inhibitory (IAA) amino acids in the central nervous system (CNS), respectively. The balance between the two neurotransmitter systems is essential to the maintenance of normal brain function (16, 17) . To a certain extent, the ratio of Glu to GABA reflects the functional status of the brain (18) . Preclinical and clinical studies have provided increasing amounts of data on the effects of amino acid neurotransmitters on the neurobiology of mood disorders. Therefore, GABA and Glu systems may be potential therapeutic targets in depression and mood disorders (19) (20) (21) . It has been identified that Glu levels alter throughout the menstrual cycle in all females and that PMS patients are more sensitive to such changes (22) . Furthermore, it has been reported that the symptoms of premenstrual dysphoric disorder (PMDD) patients were closely associated with the levels of GABA and the sensitivity of GABA receptors in the luteal phase (23) (24) (25) .
In the present study, the therapeutic effects of SYC on PMS depression were investigated in a rat model of PMS depression. The rat models of PMS depression were induced by chronic stress constraint and the subsequent changes in the ratio of Glu to GABA were also observed.
Materials and methods
Reagents. l -glut a mate, γ-a m inobutyr ic acid a nd β-mercaptoethanol were provided by Sigma (St. Louis, MO, USA). Methanol was purchased from Tianjin four Friends of the Fine Chemicals Co., Ltd. (Tianjin, China) and KH 2 PO 4 , NaOH and Na 2 B 4 O 7 x10 H 2 O were purchased from Tianjin Dengke Chemical Reagents Co., Ltd. (Tianjin, China). Salt-cure tooth acrylic resin and self-cure denture base material liquid were supplied by Shanghai New Century Dental Material Co., Ltd. (Shanghai, China). Gentamicin sulfate and sodium chloride for injection were obtained from Shandong Lukang Chen Xin Pharmaceutical Co., Ltd. (Shandong, China).
Composition and preparation of SYC. SYC is novel Chinese materia medica preparation developed by our research team and was commissioned to Haichuan Medicine Manufacturer (Qingdao, China) for production. SYC is has four major active ingredients (saikosaponin A, albiflorin, volatile oil of cyperus rotundus and glycyrrhizic acid) extracted from bupleurum chinense, white paeony root, radix glycyrrhizae and rhizoma cyperi, respectively. The above four components were extracted separately with 60% (or 70%) ethanol or deionized water from the raw herbs. The resulting extracts were then subjected to macroporous resin separation (or acid precipitation) and the eluents from each extract were concentrated and dried under reduced pressure to obtain the corresponding dry powder. In view of its volatility, volatile oil extracted from rhizoma cyperi was converted into β-cyclodextrin prior to drying. Finally, the powders were mixed with calcium bicarbonate (acting as anti-absorbent agents), granulated and dispensed into the capsule.
Animals and treatments. Thirty female Wistar rats (weight, 200-220 g) were supplied by the Center for Laboratory Animals of Shandong University of Traditional Chinese Medicine (Shandong, China). The rats were kept in conventional plastic cages (43x30x19 cm) with a standard rat chow diet and maintained on a standard 12-h light/dark cycle, with lights on at 8:00 am. The ambient temperature was controlled at 23±1˚C and humidity was maintained at 55±5%. All of the animals were allowed to adjust to the environment for one week prior to the start of the experiment. All experiments were conducted in accordance with the revised 1996 laws and regulations of the National Institute of Health Guide for the Care and Use of Laboratory Animals, and the study was approved by the ethics committee of Shandong University of Traditional Chinese Medicine (Jinan, China). All procedures were conducted in a manner that minimized pain and suffering for the animals.
Healthy and not-pregnant female rats (n=30) with regular estrous cycles were used in the present study. They were divided into five groups (n= 6), including the control group, model group, fluoxetine group, SYC group and saikosaponins (SS) group. The PMS depression model was established in rats of the model group, fluoxetine group, SYC group and SS group. Rats that were in the non-acceptance phase (NR) of the estrous cycle were enrolled into the modeling course (four days of two continuous non-acceptance phases; Fig. 1 ). Briefly, the rats' forelegs and opposite-side metapedes were bound with asepsis absorbent gauzes to restrict free movement, while still allowing the ability to access food and water (26) .
Rats of the control group and the model group were gavaged with sterile water at a dose of 10 ml kg -1 of body weight. Rats in the SYC group received SYC at a dose of 408 mg kg -1 of body weight by intragastric administration. Rats in the SS group were gavaged daily with saikosaponin extract at a dose of 0.72 mg kg -1 . Rats in the fluoxetine group were gavaged daily with fluoxetine hydrochloride at a dose of 2.67 mg kg -1 . All animals were treated every day from 8:30-9:00 am. The treatments lasted for four days in two continuous non-acceptance phases.
Evaluation methods for rat model and clinical efficacy of drugs
Vaginal smear. The estrous cycles of rats were confirmed by observing the shape of vaginal cells (26) . The specific procedure of vaginal smear was as follows: A small quantity of isotonic sodium chloride was drawn by a dropper and was dropped repeatedly into a rat's vagina two to three times. The suction fluid was over-laid on a glass slide to be naturally air-dried and then the cell appearance was observed under a CX21BIM-SET5 microscope (Olympus Corporation, Tokyo, Japan). Based on the number of white blood cells in the vaginal smear, the estrous cycle was divided into the acceptance (pre-estrous and estrous) and non-acceptance period (meto-estrous and anestrous). Vaginal smears were conducted three times every day for seven days to confirm the estrous cycle of every experimental rat.
Open field test (OFT). The OFT was performed with a wooden and uncowled box (100x100x50 cm). The sides and undersurfaces were black. The undersurface was partitioned into 25 areas of the same size by white lines. Each rat was placed in the center of the experimental apparatus prior to testing and was allowed to explore it for three minutes. The crossing score and rearing score were automatically recorded with a photographic recording system (27) . The crossing score was the number of times that the animals crossed the undersurface grilles, while the rearing score was the number of times that the animals made a perpendicular act. The perpendicular act was defined as standing on hind legs with paws pressed against the arena wall, sniffing continuously for at least 2 sec (28). The sum of crossing and rearing scores was recorded as the total score.
Sucrose preference test (SPT). The SPT was performed as described previously (29) . During the testing period, rats were allowed a free choice between two bottles for 24 h. One bottle contained 1% sucrose solution and the other contained sterile water. To exclude the possible effects of side preference in drinking, bottle positions were switched following 12 h. The consumption of sterile water (W1) and sucrose solution (W2) was measured by weighing the bottles. Sucrose preference was calculated from the consumed amount of sucrose solution, which was expressed as the percentage of the total amount of liquid consumed (SC%); SC%=W2 (g)/[W2 (g) + W1 (g)]x100%.
Surgery and microdialysis. Rats were anesthetized with 1% sodium pentobarbital (40~45 mg kg -1 , 4 ml kg -1 , administered intraperitoneally) prior to stereotaxic surgery. A hole for the cannula was drilled into the skull. A guide cannula (CMA-12; CMA Microdialysis AB, Acton, MA, USA) was implanted bilaterally into the right hippocampus of the rats using the following coordinates: AP, 5.8 mm; ML, 4.6 mm from bregma; DV, 7.6 mm from dura according to the previously described methods (30) . A mound of cranioplastic cement was formed around the cannula to fix the guide cannula and a stylus was inserted to maintain patency. Immediately following completion of the surgery, a gentamycin sulfate injection (1 ml kg -1 , administered subcutaneously) was administered at the cervical part of the rats. Then the rats were individually housed with intensive care until they recovered from surgery.
Animals were allowed to recover for a minimum of three days. In the morning prior to microdialysis, the rats were examined by a vaginal smear to determine which estrous cycle they were in, NR or reception period (R). A 2 mm CMA-12 probe (CMA Microdialysis AB, Kista, Sweden) was placed into the right hippocampus vertically. Artificial cerebrospinal fluid (artCSF) including 147 mM NaCl, 1.26 mM CaCl 2 , 2.5 mM KCl and 1.18 mM MgCl 2 in sterile water was perfused through the probe at a rate of 2.5 µl min -1 with a CMA microdialysis syringe pump. Samples of each rat were collected four times (R and NR prior to modeling, R and NR following modeling), with continuous sampling for 3 h each time.
High performance liquid chromatography (HPLC).
The concentration of GABA and Glu was analyzed using an Agilent 1100 series HPLC system with a G1321A fluorimetric detector (Agilent Technologies GmbH, Waldbronn, Germany) and a Kromasil 100-5-C18 4.6x250 mm column (5µm; AkzoNobel, Brewster, NY, USA). Briefly, 20 µl dialysate was mixed with 10 µl derivatization agent (26.8 mg o-phthalaldehyde was dissolved in 2 ml dehydrated ethanol, and then 8 ml 0.1 M borate buffer and 40 µl β-mercaptoethanol were added) and left on the bench for 2 min for precolumn derivatization reaction. The mobile phase was composed of 45% potassium dihydrogen phosphate (0.1 M, pH 6.7) (Tianjing Damao Chemical Reagent Factory, Tianjin, China) and 55% methanol (Tianjin Shield Fine Chemical Product Co. Ltd., Tianjin, China). The excitation and the emission spectrums of the fluorescence detector (FLD) were 340 nm and 455 nm, respectively. The flow rate was fixed at 1.0 ml min -1 with an injection volume of 20 µl at a column temperature of 40˚C.
Statistical analysis. GraphPad Prism Medical graphics software, version 5 (GraphPad Software, Inc., La Jolla, CA, USA) was used for data analysis. Two-way analysis of variance (ANOVA) with bonferroni's post-hoc tests were used to determine statistical differences, with treatment as the main factor and time as the repeated factor. P<0.05 was considered to indicate a statistically significant difference.
Results
Experimental procedures. The major experimental stages are presented in Fig. 1 . All animals were allowed to adjust to the environment for one week prior to the experiment, followed by one week of vaginal smear to confirm the estrous cycle of each rat. The stereotactic surgery was performed on the first day of a certain non-acceptance period. All rats were given post-operative care and normal feeding to ensure their recovery from surgery. Following three days, the acceptance period (R1) and non-acceptance period sampling (NR1) began, followed by model preparation (Modeling) and drug intervention stages. Finally, microdialysis sampling was performed in R1 and NR1 groups.
Effect of SYC on body mass in rats with PMS depression.
To quantify the recovery conditions of rats following surgical operation and the effect of SYC, their body mass was determined at several time-points, including pre-surgery, post-surgery, pre-modeling and post-modeling. The changes in body mass were described by the body mass gain coefficient (GC%). The GC% was calculated with the following formula: GC%=(M2-M1)/M1 (M1 represents the body mass of the former stage, while M2 represents that of the later stage). As illustrated in Fig. 2 , there were no significant differences in the GC% among the five groups in stages of pre-surgery, post-surgery and pre-modeling. However, in the post-modeling stage, there were differences in the GC% among the five groups. The GC% of the SS group was similar to that of the control group, but the GC% of the model group was significantly lower than that of the control group (P<0.01). Meanwhile, the GC% of the SYC and fluoxetine groups was significantly higher than that of the model group (P<0.05). These results suggested that SYC attenuated the body mass reduction in rats.
Effect of SYC on OFT and SPT in rats with PMS depression.
OFT was performed as a behavioral assessment method for the measurement of PMS depression. The crossing and rearing scores were recorded in the pre-modeling and post-modeling stages. Total scores of OFT were defined as the sum of crossing and rearing score. As demonstrated in Fig. 3A , the total scores of OFT were not significantly different among the five groups at the stage of pre-modeling (P>0.05). Following four-day modeling, total scores of the model group in the post-modeling stage were significantly lower than those in the pre-modeling stage (P<0.05). Total scores of the model group in the post-modeling stage were also significantly lower than those of the control group at the post-modeling stage (P<0.01). In addition, after four-day modeling, total scores of the SYC and fluoxetine groups were significantly higher than those of the model group (P<0.05); however, there was no significant difference between the OFT total scores of the SS group and the model group (P>0.05).
SPT, the most commonly recognized method for simulating the core symptoms of depression-anhedonia, was performed to evaluate the PMS depression model in the present study. SPT was performed in the pre-modeling and post-modeling stages. The sucrose preference coefficient was expressed as the percentage of the total amount of consumed liquid (SC%). As demonstrated in Fig. 3B , there were no significant differences in the SC% among the five groups at the stage of pre-modeling (P>0.05). Following four-day modeling, the SC% of the model group decreased. Compared with that of the pre-modeling stage, the SC% of the model group in the post-modeling stage was significantly lower (P<0.01). However, in the post-modeling stage, the SC% of the control, SYC and fluoxetine groups were all significantly higher than those of the model group (P<0.05), while the SC% of the SS group demonstrated no significant difference compared with the model group (P>0.05). These results suggested that the PMS depression model was successfully established and that SYC attenuated PMS depression in these rats.
Ratio of Glu to GABA in the right hippocampus during different estrous cycles.
Since there is a delicate excitation/inhibition balance between Glu and GABA in the CNS and it is possible that they may have indispensable roles in the Figure 1 . Schematic of experimental procedures. All animals were allowed to adjust to the environment for one week prior to the start of the experiment. In the next week, vaginal smears were conducted to confirm the estrous cycle of every experimental rat. Each rectangle filled with gray color represents a day. SPT, OFT, body mass weighing, sampling, modeling and drug interference were conducted accordingly. R1, reception phase prior to modeling; NR1, non-reception phase prior to modeling; R2, reception phase following modeling; NR1, non-reception phase following modeling; OFT, open field test; SPT, sucrose preference test. etiology of PMS, the ratio of Glu to GABA was investigated. HPLC analysis was conducted to detect the levels of Glu and GABA in the microdialysis samples. Microdialysis samples were collected at four estrous cycles (NR1, R1, R2 and NR2), with six sampling time-points (every 0.5 h between 9:00-12:00 am) in the same estrous cycle. As demonstrated in Fig. 4 , the residence time for Glu and GABA was 3.9 and 16.5 min, respectively.
Following this, the ratio of Glu to GABA was calculated. The comparison of the Glu/GABA ratios between the modeling group and the control, SYC, SS and fluoxetine groups are illustrated in Fig. 5 . As shown in Fig. 5A , the Glu/GABA ratios in the stages of NR1, R1 and R2 were not evidently different between the model and the control groups. However, the Glu/GABA ratios in the model group were lower than those in the control group at point 18-24 during NR2. The fluctuation of Glu/GABA ratios in the SYC, fluoxetine and SS groups was consistent with that in the control group in the NR1, R1 and R2 stages. However, in the NR2 stage, the Glu/GABA ratios of the above four groups were all higher than those of the model group (Fig. 5B-D) .
The differences in the Glu/GABA ratios among groups in stages of NR1, R1 and R2 were analyzed by two-factor ANOVA (Fig. 6 ). In the NR1 stage, Glu/GABA ratios of the SYC and .01, model group vs control in NR2 stage. R1, reception phase prior to modeling; NR1, non-acceptance period prior to modeling; R2, acceptance period following modeling; NR2, non-acceptance period following modeling. Glu, glutamate; GABA, γ-aminobutyric acid; SY, Shu-yu. fluoxetine groups were significantly lower than those of the model group (P<0.05). In the R1 and R2 stage, there were no significant differences in Glu/GABA ratios among the five groups. The ratio of Glu to GABA in the model group was significantly lower than that in the control group during NR2 (P<0.01), and there was no significant difference between the two groups during NR1 (P>0.05). Glu/GABA ratios of the SYC and fluoxetine groups were significantly higher than those of the model group in NR2 (P<0.05); however, the Glu/GABA ratio of the SS group demonstrated no significant difference compared with the model group (P>0.05). These results suggested that the occurrence of PMS depression may be caused by an elevation in the Glu/GABA ratio and that SYC may effectively treat PMS depression by decreasing the Glu/GABA ratio.
Discussion
In the present study, a PMS depression model was established in female Wistar rats by chronic stress constraint, as previously described (31, 32) . Following this, the therapeutic effect of SYC on PMS was evaluated by body mass gain, OFT and SPT. OFT and SPT are classical behavioral evaluation methods for animal models of depression. In the OFT, the crossing score is mainly used for the evaluation of the animals' excitability, while the rearing score mainly assesses its interest and exploration of the surrounding environment. Therefore, the total scores of the OFT reflect comprehensive information, including tension, excitement, interest and adaptability (33) . The core clinical symptom of depression is anorgasmia, which is characterized by a reduction in the sensitivity to reward and alterations to the reward level. A 1% sucrose solution is an effective reward to rats. SC% is a common index for evaluating the degree of anhedonia in rats. For modeling, 30 female Wistar rats were treated by chronic stress constraint during two consecutive non-acceptance periods (four days) of the estrous cycle. Following four-day modeling, the total score of OFT and SC% of SPT in the model group were all significantly lower than those of the control group. The total score of OFT and SC% of SPT in the model group in the post-modeling period decreased significantly compared with those in the pre-modeling period. These results indicated that the PMS depression rat model was successfully established. Following four-day modeling, compared with the model group, the total score and SC% of the SYC and fluoxetine groups increased significantly; however, there was no significant difference between the SYC and fluoxetine groups. These data illustrated that SYC was highly efficacious in improving the macroscopical behavior and relieving the symptoms of PMS depression in rats.
It has been widely acknowledged that PMS is triggered by hormonal events ensuing following ovulation. Compelling evidence has implicated a role for progesterone in the pathophysiology of PMS. However, rising concentrations of estradiol or a hormonal milieu consisting of estrogen alone, fails to trigger any of the symptoms that characterize PMS. It appears it is the neuroactive metabolites of progesterone that affect mood and behavior in PMS. In the brain, progesterone is metabolized to neuroactive steroids, which act as positive allosteric modulators of the GABA neurotransmitter system in the brain. GABA is a main inhibitory neurotransmitter that is widely distributed in the CNS and acts as an important regulator of negative emotion (34) . It is derived from Glu by the decarboxylation of glutamic acid decarboxylase (GAD). Thus, it is possible that the Glu and GABA may have indispensable roles in the etiology of PMS.
Using a combination of microdialysis and HPLC analysis, the present study investigated the dynamic changes of Glu and GABA in the right hippocampus of rats with PMS depression. The most robust result in the present study was that the ratio of Glu to GABA in the right hippocampus of rats with PMS depression decreased distinctly in the non-acceptance phase of the estrous cycle and that this decrease was reversed by SYC and fluoxetine treatment. These data further suggest edthat SYC and fluoxetine were not only effective in improving macro-behavioral indicators (OFT and SPT), but also in regulating pathological changes of micro-central indicators (Glu and GABA).
PMS is characterized by symptoms involving body, mind and behavior that emerge cyclically one to two weeks prior to menstruation (35) . These symptoms are relieved soon following the onset of menses. Therefore, it is crucial and necessary to study the changes of Glu and GABA levels in different estrous cycles. Our research team has been engaging in clinical and experimental studies on PMS for decades, and previous studies have demonstrated that neurotransmitters, including 5-HT, NE and GABA, were one of the etiological factors of PMS (36) (37) (38) . However, these studies were conducted in vitro with brain tissues or blood, and were unable to examine the dynamic changes in neurotransmitter levels that were observed in vivo. In the present study, in vivo levels of Glu and GABA in different phases of the estrous cycle in rats with PMS depression were detected. The NR1 and NR2 phases of rats in the present study were equivalent to the premenstrual phase of normal females and those with PMS, respectively. Data analysis demonstrated that the Glu levels were inconsistent with the macroscopic behavior. By contrast, the recorded expression levels of GABA were consistent with the macroscopic behavior. Therefore, it was presumed that the conclusion would be biased if the evaluation was based on the changes of Glu or GABA alone.
There is a delicate excitation/inhibition balance between the two neurotransmitters, Glu and GABA, in the CNS (22) . In the present study the ratio of Glu to GABA in the hippocampus of rats with PMS depression was investigated. Two-factor ANOVA demonstrated that the Glu/GABA ratio of the model group in NR2 was significantly lower than that of the NR1 stage and that of the control group in NR2 stage. These results suggested that one of the mechanisms of PMS depression may be the depletion of the Glu/GABA ratio in the hippocampus and that the delicate excitation/inhibition balance may be disrupted in PMS depression. In addition, the Glu/GABA ratio of the SYC and fluoxetine groups were significantly higher than that of the model group in the NR2 phase, suggesting that SYC and fluoxetine were effective in restoring the excitation/inhibition balance in PMS depressive rats. Therefore, this may be one of the critical mechanisms underlying the therapeutic effect of these two drugs in PMS depression. By contrast, saikosaponin extracted from bupleurum chinense demonstrated a weak effect on PMS, suggesting that the prescription of Traditional Chinese Medicine was scientific and the compatibility was necessary.
In conclusion, the results of the present study demonstrated that chronic stress constraint during two successive non-acceptance phases of the estrous cycle successfully induced a PMS depression model in rats. The ratio of Glu to GABA in the right hippocampus of the model rats was significantly lower than that of the normal rats. Furthermore, the novel Chinese Medicine preparation SYC significantly improved the microscopic behavioral indicators (OFT and SPT) and inhibited the decrease of the Glu to GABA ratio. Therefore, it is concluded that the underlying therapeutic effect of SYC in PMS depression may involve the maintenance of the excitation/inhibition balance between Glu and GABA in the CNS.
